Abstract: Optical channel waveguides have been produced in Nd:
Introduction
Optical waveguides, as the basic components of integrated photonics, confine the propagation of light fields in small volumes, reaching relatively high optical intensities inside the structures. Benefiting from this feature, lasing in waveguides could have much reduced thresholds and comparable efficiency with respect to the bulk laser systems [1] . In addition, the small scale of the waveguide laser elements enables the realization of compact circuits for diverse photonic applications [2, 3] . Different bulk gain materials have different physical, chemical and optical properties. The construction of various waveguiding structures is always a challenge for those that are with excellent lasing properties but not applicable to some mature and cost-effective fabrication techniques. Ultrafast laser pulses with tens of femtoseconds (fs) can directly modify the properties of the transparent materials in micro or submicrometric scales, inducing refractive index changes in the irradiated volumes [4] . This feature enables femtosecond laser inscription a unique technique to fabricate optical waveguide structures in versatile materials. As of yet, fs laser inscription has been successfully applied to produce waveguides in a number of glasses and a couple of crystals [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Compared with glasses, the effects on crystal materials of the fs laser pulses are much more complicated. Nevertheless, the well-established model for most crystals is the Type II waveguide, which is constructed typically by two parallel fs-laser induced damage tracks with reduced refractive index [7] [8] [9] [10] [11] [12] [13] . Waveguiding core is located in the region between two tracks owing to the positive index changes from the stress induced effect at the surroundings of the tracks, which avoids the degradation of the bulk-related features and shows good thermal stabilities. In Type II structures, the waveguiding along various polarizations may be significantly different, which may limit them, to some extent, from the applications relying on orientation-sensitive effects. More recently, the model of "depressed cladding" structure, which is typically surrounded by a number of low-index fs-laser induced tracks, has shown guidance for orthogonal polarizations [14] [15] [16] [17] . Usually the cross sectional shapes of cladding waveguides are circular and the diameters can be very flexible from 30μm to 200μm, fitting the diverse width of light beams from various sources (e.g., fibers) to achieve high coupling efficiency. In addition, better balance of the guidance along any transverse polarizations makes cladding waveguide much more advantageous for either un-polarized light pump of waveguide lasers or polarization-dependent guided-wave frequency conversions [16, 17] .
The single-crystalline langasite (La 3 Ga 5 SiO 14 or LGS) is one of the most attractive piezoelectric crystals for acoustic wave applications [18] . Doped with Nd 3+ ions, it becomes a disordered crystal and serves as an excellent gain medium for high power solid state laser systems. Combined with the good electrooptic features, it is realizable to obtain Q-switched laser generation by using high quality Nd:LGS crystals under laser diode pumping. Moreover, the large birefringence and broad emission bands are suitable for the self-tunable laser gain operation [19] . Due to the very stable chemical properties of the Nd:LGS crystal, normal methods such as ion in-diffusion or ion exchange are not applicable for the waveguide fabrication. Up to now, only proton implantation was used to produce channel waveguides in Nd:
LGS crystal [20] . Unfortunately, the relative high lasing threshold of Nd:LGS crystals and the low coupling efficiency of ion implanted waveguides from the pump beam require higher power pump source. In this work, we report on the fabrication of depressed cladding waveguides in Nd:
LGS with a tubular shape by using fs laser inscription. The continuous wave (cw) waveguide lasers at 1.06μm have been realized along both of the two transverse polarizations. This is, to our best knowledge, the first report on the waveguide lasers in this disordered crystal.
Experiments
The x-cut Nd:LGS (doped with 1 at.% Nd 3+ ions) crystals were grown by Czochralski method and were cut to dimensions of 1.4(x) × 6(y) × 8(z) mm 3 . The depressed cladding waveguides were produced in the laser facility of the Universidad de Salamanca, as schematized in Fig.  1(a) . A Ti:Sapphire laser system (Spitfire, Spectra Physics, USA), delivering 120 fs pulses centered at a wavelength of 795 nm and operating at 1 kHz repetition rate, was used as laser source. The pulse energy was finely controlled with a calibrated neutral density filter and a set of half-wave plates and linear polarizers. The beam was focused through a 40 × microscope objective (N.A. ~0.65) at a depth of 125 μm beneath one of the 8 × 6 mm 2 surfaces, and several tests at different pulse energies and scanning velocities were performed. Optical microscopy (in transmission mode) was used to evaluate the damage tracks produced in the sample and the final irradiation parameters were fixed to 0.84 μJ of pulse energy and 500 μm/s of scanning velocity. Such values were chosen as a compromise between producing a large enough damage in the laser tracks and minimizing the formation of cracks in the sample. The waveguides were then fabricated in the direction parallel to the 8-mm edge: to this end, many different scans were done with the chosen parameters in that direction at different depths of the sample (with 125 μm being the maximum focusing depth), with a lateral separation of 3 μm between adjacent scans and following the desired circular geometry from the bottom to the top. Two tubular-shape structures with diameters of 50 and 120 μm were successfully inscribed inside the sample by this procedure, as one can see from the microscope images of the cross sections (Figs. 1(b) and 1(c) ). The material in the core region of the waveguides are expected to be nearly undamaged, as demonstrated in waveguides fabricated by the same procedure in Nd:YAG [21] . Optical microscopy reveals no apparent damage in these areas, showing the potential for good waveguiding and lasing properties. Due to the large stress induced during the writing process, some cracks were produced outside the cladding areas. Nevertheless, these cracks have little or negligible effect on the waveguide properties provided they do not affect the core regions. The waveguide laser generation experiments were performed by using the end pumping system at room temperature. The pump source used in this work is a Ti:Sapphire continuous wave laser (Coherent MBR 110, USA), which was tuned to emit laser radiation at 810 nm. A half-wave plate was employed to control the polarization of the pump laser beam, so that the waveguide properties in both TE and TM polarization could be investigated. Spherical convex lenses were used to couple the pump laser beam into the waveguides. To achieve high coupling efficiency between the pump beam mode and the waveguide mode, convex lenses with different focal lengths were utilized. For the 50 μm and 120 μm waveguides, the focal lengths were 50.8 mm and 100 mm, respectively. The Fabry-Perot cavity for the 1.06 μm waveguide laser emission was formed by two dielectric mirrors, which were butt-coupled to the two polished end facets. Thus, the length of the laser cavity was equal to that of the waveguide (around 8 mm). The input mirror has a high reflectivity (>99%) at 1.06 μm and high transmission (98%) at 810 nm, while the output coupler has reflectivity of 95% at 1.06 μm and >99% at 810 nm. The generated waveguide lasers were collected with a 20 × microscope objective lens (N.A. = 0.4). An IR CCD camera and a spectrometer were used to analyze the mode profiles and emission spectra of the generated laser beam. To investigate the losses of two waveguides at the laser emission wavelength, another end coupling system was utilized, in which a cw 1064 nm laser was used as a light source. During this experiment, polarized laser beam at 1064 nm was coupled into and out of the waveguides directly without any mirror. The incident and output powers were detected to calculate the insertion losses of the waveguides. According to insertion loss, the propagation losses can be estimated.
Results and discussion
In this work, laser emissions were found in both 50 μm and 120 μm cladding waveguides. Furthermore, laser oscillation was achieved along both of the two transverse polarizations (TE and TM), which has been found to be one of the features of cladding structures. Similar laser emission spectra were obtained from the two different waveguides and the two polarizations. Figure 2 , as a representative, gives the spectrum measured from 120 μm waveguide with TM polarization. The central wavelength is 1068 nm, corresponding to the 4 F 3/2 → 4 I 11/2 transition of Nd 3+ ions, and the FWHM value of this spectrum is about 2 nm. Figures 3(a)-3(d) depict the near field intensity distributions of the output waveguide laser generated from 50 μm and 120 μm cladding structures. Figures 3(a) and 3(c) are the modal profiles of 50 μm waveguide, corresponding to TE and TM polarizations respectively, while Figs. 3(b) and 3(d) show the 1068 nm laser mode obtained from 120 μm waveguide, which are also TE and TM polarized. It should be pointed out that the output laser keeps the same polarizing direction with the pump light. As can be seen very clearly from Figs. 3(a)-3(d) , the laser modes have quite distinct boundaries, which suggest that the 1068 nm laser are very well confined inside the waveguides during propagation. As expected, both waveguides are multimode at near-infrared wavelength. The 50 μm cladding waveguide, however, has much less mode numbers than the 120 μm one, which imply that single-mode waveguide laser could be achieved when the diameter of the structure is further reduced. Figures 4(a) and 4(b) show the experimental results of 1068 nm laser power as a function of the absorbed pump power for the two cladding waveguides. For clarity, the values for lasing threshold, slope efficiency and optical conversion efficiency are summarized in Table  1 . As expected, the 50 μm waveguide exhibits lower lasing threshold than that of the larger waveguide. It is obvious that the 50 μm waveguide has smaller effective area, resulting in higher pumping light intensity in the laser cavity. Meanwhile, as mentioned above, the smaller waveguide has less mode number, which means that it has higher coupling efficiency of pump beam into the waveguide. These two factors together contribute to the lower threshold for 50 μm cladding structure. However, the 120 μm waveguide has higher slope efficiency due to its lower propagation loss (see the analysis and calculation results below). Since the two waveguides have their own advantages and disadvantages, they exhibit comparable optical conversion efficiency, from 5% to 7%. Due to the limitation of the input power, the maximum waveguide laser output power was measured to be 16.4 mW when the absorbed power was 264 mW. This result was obtained from TE polarized laser from 120μm waveguide. As one can see from the table, for both of the waveguides, the TM polarized laser shows better performance than TE polarized one. Compared with the previous work on Nd : LGS bulk laser [19] , the most prominent merit for our system is the highly compacted lasing oscillation cavity, which provide us a miniaturized and robust monolithic circuit for near-infrared laser sources. As a matter of fact, no laser performance has been reported from any other Nd:LGS waveguides, indicating that the cladding waveguides fabricated in this work have rather high quality, which, with the combination of promising qualities of Nd:LGS crystal, pave the way for the creation of novel, integrated on-chip Q-switched laser and selftunable laser devices. The change of the refractive index (RI) in the cladding areas was estimated by measuring the maximum incident angle where no change of the transmitted power could be observed [22] . The calculated RI reductions for 120 μm and 50 μm waveguides are approximately 1.4 × 10 −3 and 1.2 × 10 −3 , corresponding to numerical apertures of around 0.073 and 0.068, respectively. However, the measured RI changes for TE and TM polarizations are slight different (in the order of 2 × 10 −4 ). Further investigation about the waveguide losses under 1064 nm was performed with an end-coupling system, taking the Fresnel reñection of the end facets (in our case, the value is about 0.1) into account. The insertion losses of the 50 μm and 120 μm waveguides are measured to be (4.5 ± 0.1) dB and (1.3 ± 0.1) dB, respectively, with the difference of 0.2 dB for TE and TM polarizations. Presuming a negligible absorption of 1064 nm wavelength, the propagation loss of the waveguide could be expressed as the difference between the insertion loss and the coupling loss. For 50 μm and 120 μm waveguide, according to Ref [23] , the coupling losses caused by the mismatch between the pump beam mode and waveguide mode are calculated to be 0.02 dB and 0.04 dB, respectively. The maximum values of propagation losses of the two waveguides could be therefore estimated to be (5.6 ± 0.1) dB/cm and (1.6 ± 0.1) dB/cm, respectively.
Summary
Cladding waveguides with diameters of 50 μm and 120 μm have been fabricated in Nd:LGS laser crystals. The waveguides show well-defined modal profiles and acceptable propagation losses at around 1.06 μm. More importantly, the first ever, to the best of our knowledge, laser oscillation in Nd:LGS waveguide has been realized. The lasing threshold was as low as 54 mW for 50μm-diameter waveguide when the pumping light was TM polarized, whilst the maximum slope efficiency (24.2%) was obtained from 120 μm waveguide. With further optimization of the pump system, one can expect to realize high-quality waveguide laser systems in the fs-laser inscribed Nd:LGS crystals.
